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Abstract 


Thermal spraying techniques have wide range of applications, for example in preparing 
mining tools, cutting tools, aerospace applications, navy applications, orthopaedic applica- 
tions, automotive applications and many other and it is a growing field too. However, the 
spraying process is controlled by its processing parameters in a complex manner and it is 
very difficult to correlate between the structure and properties of the coating. In my study, 
an attempt is made to characterise and then optimise the 20B rod spraying process. This 
is a Ni-based abradable coating used in aeroengines. The Box-Behnken model is chosen to 
design the experiment using feed rate, stand-off distance (S.O.D.), and compressed air pres- 
sure (C.A.P.) as the processing parameters. Hardness of the coating and the volume fraction 
of the powder phase are taken as the response variables. After the statistical analysis of the 
data, it is observed that feed rate and S.O.D. have large effect on hardness of the coating 
while C.A.P. has little effect. Among the interaction effects, both C.A.P. * feed rate and 
feed rate * S.O.D. are significant while C.A.P. * S.O.D. is nominal. On the other hand, when 
volume fraction of the powder phase is used as the response variable, effect of feed rate and 
C.A.P. are found to be large and S.O.D. has a nominal effect. Among the interaction effects, 
only feed rate * S.O.D. has a significant effect while C.A.P. * feed rate and S.O.D. * C.A.P. 
have little effects. The process is then optimised with respect to its processing parameters, 
and it is found that a low value of feed rate and S.O.D. coupled with a high level of C.A.P. 
can produce a coating with required hardness value and porosity level. This is not surprising 
since this combination of parameters will result in high temperature and kinetic energy of 



the particles hitting the substrate. Feed rate and C.A.P. should be closely controlled in order 
to limit the hardness value within the specified range. 

Deposition of coating using 20B powder was not possible because as-purchased powder 
is not flowable and cannot be deposited using a 6P-II hand held thermospray gun. So, the 
dependence of the flowability on the size distribution and shape of the particles is analysed. 
After the analysis, it is suggested that by narrowing the size distribution of the 20B powder 
one can spray the coating. 



Contents 


List of Figures x 

List of Tables xi 

1 Introduction 1 

1.1 Problem Statement 2 

1.2 Proposed Work 3 

1.3 Organisation of Thesis 3 

2 Literature Review 5 

2.1 Thermal Spraying Processes 6 

2.1.1 Combustion Flame Spraying 6 

2.1.2 Arc Wire Spraying 7 

2.1.3 High Velocity Combustion Processes 7 

2.1.4 Plasma Spraying Processes 8 

2.2 Characterisation Procedure of Thermal Sprayed Coatings 10 

2.2.1 Structural Characterisation 11 

2.2.2 Chemical Characterisation 11 

2.2.3 Mechanical Characterisation 12 

2.3 Bonding Mechanism of Thermally Sprayed Coatings 12 

2.4 The Basic Principle of Flame Spraying 15 

2.4.1 The Wire Combustion Spray Process 15 

2.4.2 The Powder Combustion Spray Process 16 

2.5 Major Parameters Associated with Flame Spraying Processes 17 

2.5.1 Stand-Off Distance 17 

2.5.2 Feed Rate of The Coating Material 18 

2.5.3 Powder Carrier Gas 18 

2.5.4 Fuel/Oxygen Ratio 19 

2.5.5 Substrate Temperature 19 

2.5.6 Substrate Preparation 19 



CONTENTS ix 


3 Experimental Procedure 27 

3.1 Design of Experiment 28 

3.2 The Characterisation Procedure of the Deposited Coating 30 

3.2.1 Hardness Testing 30 

3.2.2 Metallographic Sample Preparation 30 

3.2.3 Light Optical Microscopy 31 

3.2.4 Scanning Electron Microscopy 31, 

3.2.5 X-ray Diffraction Analysis 31 

3.2.6 Electron Probe Microanalysis 31 

3.3 Characterisation of 20B Powder 32 

4 Results and Discussion 34 

4.1 Experiments with 20B Rod 34 

4.1.1 Characterisation of the Coating 35 

4.1.2 Statistical Analysis 37 

4.2 Characterisation of 20B powder 43 

5 Conclusions 66 

5.1 Experiments with 20B Rod 66 

5.1.1 Characterisation of the Coating 66 

5.1.2 Process Characterisation 67 

5.1.3 Process Optimisation 68 

5.2 Characterisation of the 20B Powder 68 

6 Suggestions for Future Work 69 

A 71 


References 


74 



List of Figures 


2. 1 Schematic representation of the combustion flame spraying 20 

2.2 Schematic representation of the arc wire spraying process 21 

2.3 Schematic representation of the Detonation Gun spraying process 22 

2.4 Schematic representation of the Jet-Kote spraying process 22 

2.5 Schematic representation of the air plasma spraying process 23 

2.6 Schematic representation of the vacuum plasma spraying process 23 

2.7 Schematic of mounted sample 24 

2.8 Schematic representation of the wire combustion spraying process 24 

2.9 Schematic representation of the powder combustion spraying process 25 

4. 1 XRD pattern showing the peak positions and intensities obtained from the 20B rod 45 

4.2 XRD pattern showing the peak positions and intensities obtained from the coating 

deposited by 20B rod oxy-acetylene flame spraying process 46 

4.3 (a - c) Optical micrographs of the 20B rod coated samples showing the interface re- 
gion and the porosity distribution within the structure (each at lOOX) 47 

4.4 (a - h) SEM photographs of different 20B rod coated sample showing subtle 

features of the microstructure at different magnification 48 

4.5 EPMA photographs showing (a) the microstructure of a 20B rod coated sample and 

(b - d) showing the Cu, Ni, and C-map for the same microstructure at 1 OOX 51 

4.6 Interaction profiles between the parameters while (a) hardness (b) volume fraction 

are as the response variables 52 

4.7 Prediction profile showing the current settings which optimise a desired set of 

Response variables according to Screening Fit Model 54 

4.8 Hardness versus volume fraction of the powder phase drawn after collecting the 

data from Table 4.1 and 4.2 55 

4.9 (a - b) SEM photographs of 20B powder at different magnification 56 

4. 1 0 XRD pattern of 20B powder 57 

4. 1 1 XRD pattern of 20B powder of size range (-200 to +240) BSS 58 



List of Tables 


2.1 Principal characteristics of thermal spray deposition processes [11] 20 

2.2 Reported chemistry and compositions of pre-sprayed powders (all values are 

wt%) 21 

2.3 Starting powder composition 21 

2.4 Spraying conditions 25 

2.5 Results of tensile test 25 

2.6 The effective depth of X-ray penetration to substrate 26 

2.7 Compositions of boundary layers between coating and substrate 26 

3.1 The Box-Behnken Model 33 

3.2 The numerical values of different parameters used in the experiment 33 

3.3 Reported composition of the constituents of the 20B rod 33 

4.1 Raw data for the hardness testing results following The Box-Behnken Model 59 

4.2 Raw data for the volume fraction analysis following The Box-Behnken Model 59 

4.3 XRD analysis results for (a) 20B rod and (b) 20B rod coated sample showing 

possible matches for d-spacing of different elements, compounds, and inter- 
metallics 60 

4.4 EPMA results for spot analysis of (a) sample 8 and (b) sample 10 showing 
the compositions of the 20B rod sprayed coating. Compositions are reported 

in weight percent 61 

4.5 (a) Summary of fit (b) Parameter estimates (c) Effect test results using the 

hardness data as the response variable 62 

4.6 (a) Summary of fit (b) Parameter estimates (c) Effect test results using the 

volume fraction data as the response variable 63 

4.7 The parameter settings found from statistical analysis of the results that op- 
timises the responses 64 

4.8 (a) The relationship between the British Standard Sieve number and the e- 
quivalent mesh opening size (b) the weight fractions obtained after sieve ajnal- 

ysis of 20B powder 64 

4.9 Flowability measurement data for different size fractions of 20B powder ... 64 



LIST OF TABLES 


X] 


4.10 Comparison between the reported composition (in wt%) of the 20B powder 
and the measured composition of bulk 20B powder and the +240 BSS size 
fraction 65 


Chapter 1 
Introduction 


Thermal spray technology is a rapidly evolving field which interacts with a broad in- 
dustrial community and has a wide range of important practical applications - for example , 
mining tools [l], automotive applications [2], navy applications [3], orthopaedic applications 
[4], cutting tools [5] etc. In general terms thermal spraying involves the deposition, on to 
a substrate, of a relatively thick solid coating from a stream of molten or partially molten 
droplets. The droplets normally impact on the substrate at speeds in excess of 150 ms“^ 
depending on the spray process employed. The droplets then spread out to form splats, and 
rapidly solidify. The coating develops through the formation of successive layers of splats 
which bond together. Deposited microstructures are extremely complex and are frequently 
far from equilibrium because of the high cooling rates involved. 

Many thermal spraying processes are in use in industries, for example, high velocity 
oxy-fuel technique, combustion flame spraying, plasma spraying process, wire arc spraying 
process etc. The microstructures and properties of coatings depend in a complex manner 
on the processing method and the numerous processing variables of a given method [6]. 
Several reviews and studies have been published on the microstructural appearance of spray 
coatings as a function of spraying method [7]. Although a sufficient amount of information 
is available for most engineering applications of these materials, still it is not possible to 
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predict structure/property relationship based on the method of deposition. In other words, 
fundamental relationships between the processing variables, coating structure, and coating 
properties for different methods need to be studied [8]. 

1.1 Problem Statement 

The technicians of 4BRD Air Force Base, Chakeri use to maintain and repair a lot of 
aeroengines coming from Indian Air Force. They use a lot of thermal spraying processes in 
order to repair the damages of the engines. In one of the processes, they deposit a Ni-based 
coating on to a steel casing using 20B rod (consisting of Ni, Cu, C, BN) oxy-acetylene flame 
spraying process. This coating is abradable in nature, and they deposit this coating in order 
to minimise the clearance between the blades and and the outer casing of the engine. The 
20B rod is prepared from 20B powder then only it is sprayed. However, the Air Force people 
find this process costly as the 20B powder needs to be converted into 20B rod and this 
conversion process is costly. In addition to that, the parameter regimes associated with the 
20B rod flame spray process are also very narrow. So considering all these problems, they 
questioned whether the 20B powder can be directly sprayed using oxy-acetylene flame spray 
process or not. 

As stated earlier, the relationship between the coating properties and the parameters of 
the process is extremely difficult to find out. So, I decided to approach the problem following 
the steps listed below. 

I) Complete characterisation of the existing 20B rod flame spray process. 

II) Effort to deposit 20B powder directly on to the substrate. 

III) Characterisation of 20B powder flame spray process and comparison between these 


two processes. 
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1.2 Proposed Work 

To investigate the first step mentioned above, I first sorted out the most important 
parameters associated with the 20B rod flame spraying process. The feed rate, the stand-off 
distance, and the compressed air pressure are chosen to be the three most important pa- 
rameters as the oxygen/acetylene ratio cannot be changed. Then fpr correlation analysis a 
statistical factorial plan was used to assess the effects of the parameters. Detail microstruc- 
tural studies were carried out using optical microscopy and SEM to find out the coating 
structure. To find out how the different elements are distributed throughout the structure 
EPMA was carried out. XRD was done on the 20B rod and the coating to find out the 
constituents. As a representative of the mechanical properties hardness testing was done. 

The 20B powder was found to be non-sprayable as the powder was not flowing. So, I 
decided to characterise the powder properties. In doing that, I first screened the powder into 
different size fractions and then measured the flowability of different size fractions. Then to 
check the chemical homogeneity of the powder, quantitative analysis of different constituent 
was done on certain size fraction of the 20B powder using XRD analysis. SEM photographs 
of the 20B powder was also taken to check the shape of the powder. 

After the investigations the optimum parameter regimes of the 20B rod coating pro- 
cess are suggested. Different parameter interactions and the cross effects are also reported. 
Complete characterisation of the 20B powder is done as it cannot be sprayed directly, and 
possible ways of powder deposition using flame spraying technique are suggested. 

1.3 Organisation of Thesis 

Rest of the thesis is divided in five more chapters. In the second chapter I have reviewed 
many pertinent literatures which deal with many important features in the field of thermal 
spraying technology. In the third chapter I have given the entire methodology following 
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which I have conducted my experiments. In the fourth chapter I have given all the results, 
tables , .and figures obtained from different experiments I have conducted and then I have 
discussed ray results. In the fifth chapter I have drawn the conclusions. In the last chapter 
I have suggested some relevant future works. 



Chapter 2 


Literature Review 


Thermal spray coatings have become an important part of modern industry, offering 
customised surface properties for a variety of industrial applications ranging from thermal 
barrier coatings for high tech turbine blades to erosion resistant coatings for boiler tubes. 
Thermal spraying is the generic name for a family of thick overlay processes in which a 
material is heated rapidly to near its melting point in hot gaseous medium and then projected 
at high velocity on to a prepared substrate surface to build up the desired coating [9]. The 
substrate should be sufficiently massive so that it can absorb heat from the molten coating 
material to let them solidify and at the same time can protect itself from becoming too hot 
. The droplets then impact on the substrate and adhere to it most probably by mechanical 
interlocking which is nothing but a physical keying between an often deliberately roughened 
substrate and a coating that is in close contact with the substrate [10]. Nowadays it is 
possible to spray virtually all the materials provided these melt or become substantially 
molten without being degraded significantly during a short residence in the heat source. 
Despite its inherent complexity thermal spraying is an established route for the protection 
of conventional engineering materials to allow them to function under extreme conditions 
of aggressive wear, corrosion, or high temperature. Furthermore, the application of thermal 
sprayed protective layers has often been the key to enabling novel, high performance base 
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2.1 Thermal Spraying Processes 

materials to find practical applications [6]. 

In this chapter, at first I would give an overview of the major thermal spray processes in 
operation, and then I would discuss the characterisation procedure of the sprayed coatings, 
bonding mechanism of thermal sprayed coatings, the basic principles of flame spraying pro- 
cess gradually in subsequent sections. Then at last I would briefly discuss the major process 
parameters of flame spraying as my thesis deals with this combustion flame spraying process. 

2.1 Thermal Spraying Processes 

A variety of thermal spraying processes are available for the deposition of coatings. 
The principal techniques are combustion flame spraying, arc wire spraying, high velocity 
combustion and plasma spraying. The basic charac teristics of the processes are briefly 
described here. 

2.1.1 Combustion Flame Spraying 

In this process an oxygen/acetylene mixture is passed through a nozzle and ignited to 
form a combustion flame, accelerated and projected onto the substrate surface to form the 
coating deposit (Figure 2.1). The combustion flame temperature is limited to some 3000‘’C 
temperature and gas/particle velocities are relatively slow. Thus the types of coating material 
to be deposited are restricted and the deposit itself tends to be porous, poorly bonded and 
in the case of metallic coatings exhibits a high oxide content. Flame spraying is the cheapest 
of the thermal spraying processes and can be used successfully for some applications, mainly 
where porosity or high oxide levels provide specific benefits. For example, oil retention for 
bearings and hard molybdenum coatings for piston rings can be mentioned. The technique 
can also be used to deposit self fluxing systems (systems in which the coating constituents 
react among each other to form a product which protect the coating from atmospheric attack) 
such as Ni-Cr-B-Si which can be fused to form wear resistant layers. 
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2.1.2 Arc Wire Spraying 

This process involves the production of molten particles at the tips of two consumable 
wires via resistance heating (Figure 2.2). The material is subsequently atomised and pro- 
jected onto the substrate by a compressed air jet. The process is limited to spraying of 
conductive wires, the spray material is initially fully molten and reaches higher velocities in 
this process than in flame spraying. The coatings deposited by this process are more dense 
and highly bonded than flame spray systems. The arc wire process is relatively cheap and 
can achieve high deposition rates. 

2.1.3 High Velocity Combustion Processes 

There are two principal high velocity combustion processes: Detonation Gun and Jet- 
Kote. Both processes generate high powder velocities and deposit coatings of higher density 
and bond strengths than flame and arc wire techniques. 

The Detonation Gun 

The Detonation Gun or D-Gun is a process developed by Union Carbide which utilises 
the energy released by a controlled series of detonations of oxygen and acetylene to heat and 
accelerate the coating powder to high velocities and propel them onto prepared surfaces to 
form coatings. Measured volumes of oxygen and acetylene are fed into a combustion chamber 
at the breech of a gun barrel as shown in Figure 2.3. Fine coating powder is introduced via a 
separate port. The gas mixture is ignited by an electric spark. A detonation occurs causing 
a temperature increase to around 4000'’C. The high temperature gases leaving the gun along 
the barrel cause the particles to be accelerated, plastically deformed and ejected from the 
gun at 750 ms~^ On impact on the target, their high kinetic energy produces a strong bond 
with the substrate or the previously coated layer. After detonation the D-Gun is purged 
with nitrogen and the process is rei)cated (4-8) times per second to build up the coating 
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to the required thickness. Cas temperatures associated with the D-Gun are some 1()0()°C 
hotter than with conventional oxy- acetylene torches but components to be coated are cooled 
during processing by supplimentary cooling. The resulting coatings are of high density, high 
quality and relatively free of inclusions and unprocessed particles. 

Jet-Kote 

This process is based upon rocket motor design and produces a high velocity combustion 
gas jet (Figure 2.4). As with D-Gun, the process deposits high density well-bonded coat- 
ings. The basic differences with these high velocity combustion processes and the ordinary 
combustion process lie in the fact that in the former processes the reaction between oxygen 
and fuel occur under inequilibrium condition which create that extra temperature while the 
free burning temperature of oxygen and fuel is relatively low. 

2.1.4 Plasma Spraying Processes 

The plasma gun comprises a copper anode and tungsten cathode, both of which are 
water-cooled. An inert gas, usually argon, flows around the cathode and through the anode 
which is shaped as a constricted nozzle. Gases other than argon, such as nitrogen, helium 
or hydrogen (used as a secondary gas) can also be used. A DC arc is initiated between the 
electrodes by a high voltage discharge, ionising the gas, with the resulting plasma exiting 
the gun via the nozzle, thereby producing a high velocity jet. The coating material in fine 
powder form is injected into the plasma, resulting in plastic particles (molten or serai-molten) 
which are accelerated and propelled onto prepared surfaces so that they deform and adhere 
on impact to form a coating. Plasma spraying is performed using three principal techniques: 
air plasma spraying(APS) (Figure 2.5), argon-shrouded plasma spraying(ASPS) and vacuum 
plasma spraying (VPS) (Figure 2.6). 

In air plasma spraying the powder particles are rendered plastically deformable and 
accelerated to (200-400)ms~^ before being deposited as relatively dense coatings. The main 
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imitation of this technique is the incorporation of air in the plasma jet, thereby cooling and 
ilowing the plasma and causing some oxidation of metallic or alloy powder, consequently 
lepositing coatings with significant contamination. However, when oxide contamination in 
:oatings is tolerable, for example in the case of air sprayed M-Cr-Al-X (where M stands for 
netals like Fe and Ni, and X stands for metals like Y) bond coats in the thermal barrier 
;oatings systems the APS provides satisfactory result. It is also observed in the case of 
, hernial barrier coating made of Zr 02 -Y 203 layer which is often used in combustion chambers 
if gas turbine engines, coatings. 

In argon shrouded plasma spraying, the use of an argon gas shield around the plasma 
jun and workpiece provides protection against the deleterious of air encountered with the 
APS technique. Consequently,the ASPS coatings are clean, well-bonded and relatively oxide- 
free compared with APS deposits. Typical applications of ASPS include M-Cr-Al-X systems 
for turbine hot section components. 

The vacuum plasma spraying process, sometimes termed low pressure plasma spraying, 
has several advantages over air spraying. The advantage of VPS is that it can achieve (400- 
GOO) nis”'^ particle velocities with the overall result being the deposition of highly dense high 
purity deposits. A further significant advantage of VPS is coating adhesion. In vacuum 
a transferred arc can be utilised to sputter clean the substrate surface prior to the coating 
process, consequently giving a clean coating-substrate interface and promoting adhesion. The 
use of a vacuum chamber also permits the heating of the component to high temperatures to 
promote diffusional bonding without oxidation problems. Typical VPS applications in aero 
engines include M-Cr-Al-X systems as overlay coatings or TBC ( thermal barrier coatings) 
bond coats for the protection of hot section components [11]. 
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2.2 Characterisation Procedure of Thermal Sprayed 
Coatings 

Although the usage of thermal sprayed coatings has increased dramatically, the charac- 
terisation and analysis of these coatings has lagged behind. Characterisation is critical for 
understanding why thermal spray coatings behave the way they do, and offering guidelines 
for improved coating performance in the future. 

Thermal spray coatings are formed by melting materials in particulate form or wire 
feed stock and accelerating the molten droplets toward a substrate. Once these molten 
droplets strike the substrate they expand out in a radial fashion and form a splat. As 
additional particles impact the specimen, splats will eventually interact with one another 
and form a continuous coating. Splat-to-substrate, as well as splat-to-splat, bonding tends 
to be weak, providing little resistance to pullout during the mechanical processing (cutti 
ng , grinding, and polishing) of the coating for metallographic preparation. In addition, 
multiphase coatings, such as cermets, can have enhanced pullout due to the differant sizes 
and densities of the as-sprayed powders. Consequently, if care is not taken when preparing 
a thermal spray coating for analysis, pullout can cause erroneous porosity, volume percent, 
and even chemistry measurements. 

Although there has been some work on metallographic preparation and routine exam- 

T» *' 

illation of thermal spray materials, few studies have done thorough examinations of both 
chemistry and physical structure of the as-sprayed coating. In this section, an attempt is 
made to explore some basic sample preparation methodologies and in depth techniques for 
analysis of complex as sprayed coatings is provided. The analysis of coatings centers on 
quantifyi ng the structure of the coating and determining the chemical makeup of the var- 
iou s phases in the coating. The experimental procedure is illustrated here using a specific 
example of FeCrAlY-Cr 2 C 3 cermet coating [14]. First, the carbide ranges sprayed and the 
chemical composition of the pre-sprayed powders are reported in Table 2.2 and Table 2.3. 
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FeCrAlY-Cr 3 C 2 cermet coatings are applied to low carbon steel substrates using a HVOF 
spray system. Next, chemical, structural, and mechanical properties are measured. 

2.2.1 Structural Characterisation 

Once the samples were sprayed, the coatings were sectioned on a low speed abrasive cut 
off saw and vacuum mounted in epoxy mixed with a fluorescent dye. The configuration of 
the mounted samples is shown in Figure 2.7. The samples were mounted coating-to-coating 
to help maintain the coatings edge and avoid rounding. The samples were then ground 
through 600 grit using SiC papers, polished to 1 //m diamond with a low nap cloth on a 
polisher, and finally polished with colloidal silica for 15 minutes on a vibratory polisher. 
Finally, the coatings were etched with various chemicals as required. The coatings were 
first photographed using light optical microscopy (LOM) in addition to a JEOL scanning 
electron microscopy to provide preliminary phase identification. The Reikert LOM was used 
in Nomarski mode to enhance the contrast of the HVOF coatings and allow detailed analysis 
of the coating inter-splat structure. X-ray diffraction patterns of all of the coatings were 
obtained using a Siemens diffractometer. In this case, the coatings were removed from their 
substrates and broken up using liquid nitrogen prior to testing. WDS (wave dispersive X- 
ray) dot maps were also used to help with phase determination and confirm the x-ray data 
using a JEOL superprobe. 

2.2.2 Chemical Characterisation 

The chemistry of the individual phases that comprised each coating were determined 
using several complementary methods such as XRD and WDS. Once the chemical nature 
of each phase had been determined the coatings were then quantified using a LEGO 2001 
image analysis system. The volume percent of each phase, in addition to the thickness of 
each coating, was determined. Since the carbide and FeCrAlY matrix had similar gray levels 
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the matrix had to be etched away using a HCI-HNO 3 etch. With FeCrAlY matrix gone 
all of of the phases could be easily be distinguished by thresholding [15]. Other diemical 
characterisations like the corrosion resistance of the coating can also be done. 

2.2.3 Mechanical Characterisation 

Finally, microhardness measurements of each phase were also conducted to complete 
the qualitative chemical analysis of the various coatings. In general, many other testings can 
also be done to reveal some important properties of coating. These include wear testing to 
judge the abrasion resistance of the coating, adhesion testing to measure the bond strength 
of the coating and many other. 

2.3 Bonding Mechanism of Thermally Sprayed Coat- 
ings 

Along with the increasing number of applications for sprayed coatings, there has been a 
demand for coatings of higher quality. One of the indispensable characteristics of high-quality 
sprayed coatings is strong adhesion to the substrate. Accordingly, a fundamental consider- 
ation for insuring coating adhesion is an understanding of the adhesive mechanism and the 
composition of the boundary between the sprayed coating and the substrate. Because the 
coating is formed by depositing high-velocity finely sprayed particles onto the substrate sur- 
face, the boundary between the coating and the substrate has an exceedingly fine structure, 
and a revealing experiment on it is very difficult. Therefore, it is not surprising that one 
finds few reports on the adhesive mechanism and the composition of the boundary. Next, 
I will discuss the adhesive mechanism of the nickel, chromium, molybdenum, tantalum and 
tungsten coatings deposited by a plasma jet spraying on to aluminium and mild steel sub- 
strates [14]. This study was done by the examination of oblique metallographic sections and 
by electron beam probe measurement (EPMA) of the concentration distribution of elements 
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at the boundary between the coating and the substrate. The composition of the boundary 
layer was also analyzed by X-ray diffraction. The relationship between the tensile strength 
and the structure of the boundary was also determined. In addition, in order to confirm the 
nature of the adhesive mechanism and its dependence on the composition of the boundary 
layer, an analog experiment using the levitation melting process was carried out. Spraying 
materials used in this experiment were Mo, Ta and W which have high melting points, and 
Ni and Cr which have intermediate melting points. Each was in powder form of mesh size 
ranging from -200 to -1-325. Aluminium and mild steel substrates were used for spraying. A 
Plasrnatron PM-322 plasma jet generator and a SG-IB type torch was used, and spraying 
was done in air. The operating conditions are listed below in Table 2.4. 

To clarify the adhesive mechanism at the boundary between the coating and the sub- 
strate, an analysis of the elements in the boundary layer was made for each specimen using 
an EPMA. On an oblique section of each specimen, a linear scan along the direction perpen- 
dicular to the boundary face was made in order to determine the concentration distribution 
of the elements in the coating and substrate boundary layer. 

One end face of A1 and mild steel bars which had been polished chemically was preheated 
to 100°C by means of a plasma jet flame, and then coated with each material to a thickness 
of about 0.3mm. Tensile testing was carried out and the tensile strength was determined by 
dividing the maximum rupture load by the cross-sectional area of the bar. The tensile test 
results are shown in Table 2.5. 

CuKq, and CoKo, radiations which are used for X-ray diffraction analysis have a high 
penetrating power in these metals. Therefore, the composition of the adhesive layer formed 
at the boundary between the coating and the substrate can be analysed from the substrate 
side using X-rays, if a foil substrate is used. In this case, the thickness of the substrate 
must be smaller than the depth of the X-ray penetration. Therefore, the effective depth of 
X-ray penetration in aluminium and mild steel was investigated in order to choose a proper 
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thickness for the substrates. The effective depth of X-ray penetration can be calculated from 
the following formulas. 


X = Kx sin 6/2ix 

(2.1) 

= ln(l/l - G^) 

(2.2) 


(2.3) 


where X is the effective depth of X-ray penetration, /j, is the linear absorption coefficient, 6 
is the angle between the incident X-ray and the specimen surface, Gx is the ratio of the total 
integrated intensity diffracted by a specimen of thickness X to that diffracted by a specimen 
of infinite thickness. 

The results of this calculation are shown in Table 2.6 while Table 2.7 gives the com- 
ponents of the interfacial layer using X-ray analysis. The results of the experiments are 
summarised as follows; 

1. The formations of boundary layers between the plasma jet sprayed coating and the 
substrate was confirmed through observation of the boundary using an optical microscope. 
The layers were formed partially when Ni or Cr was sprayed onto a mild steel substrate, and 
were formed all along the boundary length in the other cases. 

2. From the measurement of the concentration distribution of elements in the boundary 
layer by means of an electron probe X-ray microanalyser, it is clear that the boundary layer 
between the coating and the substrate is formed metallurgically. 

3. Prom the results of the tensile test, for those coating and substrate combinations 
which adhere metallurgically and form a boundary layer, the adhesive strength was higher 
than the cohesive strength of the coating itself. In the Ni and Cr coating which adhered 
mainly by mechanical bonding onto mild steel substrate, rupture occurred at the boundary 
between the coating and the substrate. Thus, it is clear that a boundary layer formed 
between the coating and the substrate is necessary to improve the adhesion of a sprayed 
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4. It was confirmed by X-ray diffraction analysis that the boundary layer between the 
sprayed coating and a foil substrate consists of intermetallic compounds of the elements of 
the coating and substrate materials. From these results, it was also demonstrated that the 
substrate surface was melted the moment the sprayed particles impinged on the substrate. 

5. The adhesive mechanism of coatings sprayed onto substrate surfaces and the compo- 
sition of the boundary layer were further demonstrated by carrying out an analog experiment 
using the levitation melting process [14]. This levitation melting process involves prepara- 
tion of a molten nickel drop and allowing it to drop on to A1 and mild steel substrates. This 
prolong the reaction time between the sprayed particles and substrate, and in the process 
increase the quantity of the substances produced at the boundary. 

2.4 The Basic Principle of Flame Spraying 

In broad sense, flame spraying processes are divided in two categories - one utilising 
material to be deposited in wire form and designated ’’wire combustion spray”, and the 
second utilising material in powder form and designated as ’’Powder Combustion Spray” 
[16]. Both processes use a combustion flame as a heat source. 

2.4.1 The Wire Combustion Spray Process 

Figure 2.8 shows how this process can be subdivided into the following: 


A. The Process Occurring at the Source 

As illustrated in the figure, the source comprises a nozzle, through the centre of which 
wire is passed into an oxy-fuel flame. An annulus is formed around the outside of the nozzle, 
and the inside of an air cap, through which compressed air is fed. The wire tip is continuously 
heated to its melting point, and then broken down into particles by the stream of compressed 
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air. 


B. The Process Occurring in Transport 

Molten particles are accelerated by virtue of the air stream towards the substrate. In 
doing so, they are both cooled to a plastic or a semi-molten condition, and a certain amount 
of oxidation occurs on the particle surfaces. 

C. The Process Occurring on Impact with the Substrate 

Upon impact with the substrate the particles flatten and bond to it. Subsequent particles 
also flatten, and bond to those already adhered to the substrate, thereby fabricating a 
coating. 


2.4.2 The Powder Combustion Spray Process 

Figure 2.9 illustrates how this process can be readily subdivided into the following: 

A. The Process Occurring at the Source 

The source essentially comprises of a nozzle, through the centre of which material in 
powder form can be conveyed by being suspended in a carrier or aspirating gas. The material 
passes out of the nozzle into an oxy-fuel flame, and is thereby raised to a temperature 
approaching its melting point. 

B. The Process Occurring in Transport 

The flame velocity accelerates the semi-molten particles towards the substrate. In so 
doing there will be a certain amount of oxidation on the particle surfaces. Compressed air 
may be used further to accelerate particles, thereby producing higher particle velocities. 
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The Process Occurring at the Substrate 

The process occurring at the substrate is certainly the same as that described in the 
wire combustion spray process. 


2.5 Major Parameters Associated with Flame Spray- 
ing Processes 

A lot of process parameters control the flame spraying process. By minutely controlling 
some of these parameters an experienced operator can effectively manipulate the coating 
quality. In this section some of the most important parameters associated with flame spraying 
process are briefly discussed, since my thesis is related to flame spraying technique [12, 13]. 

2.5.1 Stand-OfF Distance 

Stand-off distance is a significant parameter in almost every thermal spraying processes. 
It is the distance between the tip of the spraying nozzle to the substrate surface. In case 
of high velocity oxy-fuel technique, it plays an important role in controlling the oxygen 
content of the resultant coating. Increasing it from a baseline of 250mra to beyond 300mm 
reduces the oxygen content by roughly a third. The reason for this is that hot combustion 
gases increase oxidation by atmospheric oxygen entraining the flame jet and blowing onto 
the hot surface when close enough. The entrainment of atmospheric oxygen into the spray 
jet was also confirmed by other research workers like C. M. Hackett and G. S. Settles [12]. 
By increasing the spray distance, the heat load on the substrate is reduced thus supressing 
severe oxidation. This can be measured by thermocouples attached to a bore in the back 
side of the substrate. By increasi ng stand-off distance the temperature drops from 260‘’C 
to below IbO^C . 

In another experiment, reducing the stand-off distance from 225mm to 150mm, whic 
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ii moans an inorojiso in tlio volocity of imj)act of 80%, fiirtlior improved the hardness of 
the surface [13]. Yet another decrease in this distance from the spray gun overheated the 
substrate material, causing the coating to loosen . 

2.5.2 Feed Rate of The Coating Material 

An increase of the powder feed rate has a reducing effect on oxide content in case of 
high velocity oxy-fuel technique. This supposedly can be explained by two reasons. On the 
one hand, increasing the amount of spray material at consta nt combustion power results 
in lower specific heat offer for a single spray particle, thus reducing melting and oxidation 
tendency during flight and flattening. Metallographic investigations showed that coating 
with the lowest oxygen content mainly consists of unmelted particles which do not show 
any oxidation. In contrast, particles which have been completely melted clearly sho w oxide 
phases. On the other hand, a higher powder feed rate requires a fewer number of passes to 
build up the coating thickness; by which the effect of hot combustion gases on the surface 
while passing can be lowered. However, it has to be considered that thicker coating layers 
per pass to build up a desired thickness will result in higher residual stress [12]. 

2.5.3 Powder Carrier Gas 

The amount of powder carrier gas has a negligible influence on oxygen content of the 
coating. Thus it can be adjusted for optimum powder transport means. Apparently, even 
high amounts of carrier gas do not significantly cool down flame jet to reduce the degree of 
particle melting. The effect of compressed air pressure is significant on the coating quality 
in case of flame spraying systems as its job is to carry the molten particles to the substrate 
surface. Higher the compressed air pressure higher will be the velocity and momentum of 
the particles and higher will be the chance of forming denser coating. 
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h inoans an incrojifio in the velocity of impact of 30%, further improved the hardness of 
the surface [13]. Yet another decrease in this distance from the spray gun overheated the 
substrate material, causing the coating to loosen . 

2.5.2 Feed Rate of The Coating Material 

An increase of the powder feed rate has a reducing effect on oxide content in case of 
high velocity oxy-fuel technique. This supposedly can be explained by two reasons. On the 
one hand, increasing the amount of spray material at consta nt combustion power results 
in lower specific heat offer for a single spray particle, thus reducing melting and oxidation 
tendency during flight and flattening. Metallographic investigations showed that coating 
with the lowest oxygen content mainly consists of unmelted particles which do not show 
any oxidation. In contrast, particles which have been completely melted clearly sho w oxide 
phases. On the other hand, a higher powder feed rate requires a fewer number of passes to 
build up the coating thickness; by which the effect of hot combustion gases on the surface 
while passing can be lowered. However, it has to be considered that thicker coating layers 
per pass to build up a desired thickness will result in higher residual stress [12]. 

2.5.3 Powder Carrier Gas 

The amount of powder carrier gas has a negligible influence on oxygen content of the 
coating. Thus it can be adjusted for optimum powder transport means. Apparently, even 
high amounts of carrier gas do not significantly cool down flame jet to reduce the degree of 
particle melting. The effect of compressed air pressure is significant on the coating quality 
in case of flame spraying systems as its job is to carry the molten particles to the substrate 
surface. Higher the compressed air pressure higher will be the velocity and momentum of 
the particles and higher will be the chance of forming denser coating. 
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2.5.4 Fuel/Oxygen Ratio 

In a certain experiment, a high H/0 ratio is beneficial for low oxide contents in the 
coatings. By screwing down oxygen for combustion the flame jet cools down and particles do 
not melt completely. However, decreasing the flame enthal py by such means also decreases 
the gas velocity. A compromise has to be found here. The best results have been obtained 
with a H/0 ratio of 1 : 0.23 [12]. In general , it can be said that the free burning temperature 
of the flame is limited by theory and the maximum value of it can never be achieved as there 
is certain heat losses in the process. So, keeping an eye to all the factors like the flame 
temperature, the degree of plasticity of the particles, the chances of oxide contamination, 
and the particle velocity is extremely difficult and to find out an optimum fuel/oxygen ratio 
is a challenging aspect. 

2.5.5 Substrate Temperature 

According to the experiments using single parameter variation, keeping substrate tem- 
perature low is beneficial to get low oxide containing coatings. Assuming equal spray condi- 
tions, for substrate temperature reaching around 260°C the released coating oxy gen contents 
goes upto 2.3 wt%, whereas in cooling down the substrate to 150°C (by compressed air), the 
oxygen level was around 1.1 wt% [12]. This could be explained by lower oxygen reactivity 
of the coating top when temperatures are lower. Furthermore, substrate temperatures sig- 
nificantly determine flattening mechanis ms of single particles governing such on-substrate 
oxidation. 


2.5.6 Substrate Preparation 

Substrate surface preparation is an important parameter as it dictates the adhesion or 
bonding of the coating to the substrate. The substrate surface is often grit blasted using 
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sand or other abrasing material. Hence, the grit size and the grit blasting pressures are also 
important secondary parameters as these dictate the surface preparation of the substrate. 


powder 



Figure 2.1: Schematic representation of the combustion flame spraying process[ll]. 


Process 

Flame 

Arc 

Plasma 

D-Gun 

Consumable Material 

Powder or Wire 

Wire 

Powder 

Powder 

Heat Source 

Chemical Reaction 

Electric Arc 

Inert Gas Plasma 

Controlled Ex p! 

Flame Temp(°C) 

(2000-4000) 

4000 

(4500-20000) 

3300 

Particle Vel(ms“*) 

(90-180) 

240 

(240-600) 

730 


Table 2.1: Principal characteristics of thermal spray deposition processes [11] 
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Figure 2.2: Schematic representation of the arc wire spraying process. 


1 


Powder Type 

A1 

C 

Cr 

Fe 

Ni 

Y 

Other 

FeCrAlY 

6.5 


28.50 

balance 


0.65 

jl.OO 

CrgCs 

- 


86.00 

- 

- 

- 

il.25 


Table 2.2: Reported chemistry and compositions of pre-sprayed powders (all values are wt%) 


sl.no 

weight % FeCrAlY 

weight % CraCa 

1 

100 

0 

2 

65 

35 

3 

75 

25 

4 

85 

15 

5 

90 

10 

6 

95 

5 


Table 2.3: Starting powder composition 
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Figure 2.4: Schematic representation of the Jet-Kote spraying process. 









Figure 2.5: Schematic representation of the air plasma spraying process. 



Figure 2.6: Schematic representation of the vacuum plasma spraying process. 
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Figure 2.8: Schematic representation of the wire combustion spraying process. 
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Figure 2.9: Schematic representation of the powder combustion spraying process. 


Operating Current 

(450-600)Amp 

Operating Voltage 

(28-32)V 

Operating Gas 

Ar:30 litre/min 

Gas for Powder Supply 

Ar:(3-5) litre/min 

Spraying Distance 

90mm 


Table 2.4: Spraying conditions 



Substrate 

A1 

Mild Steel 

Coating 


Tensile strength(Kg/mm^) 

Tensile Strength(Kg/mm^) 



1.4 

0.6 

HBSH 


1.4 

0.7 

WMM 


2.3 

2.0 



1.3 

1.5 

HESH 


2.9 

2.5 


Table 2.5: Results of tensile test 
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Diffraction Angle (degree) 
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X-ray 


30° 

60° 

90° 

CoKa 

Al-substrate 

30.1 

58.1 

81.4 

CoKa 

Mild Steel-substrate 

12.8 

24.6 

34.5 

CuKo: 

Al-substrate 

45.4 

87.6 

123.0 


Table 2.6: The effective depth of X-ray penetration to substrate 


Coating 

Ni 

Cr 

Mo 

Ta 

W 

Al-Substrate 

hline Mild Steel-Substrate 

AlaNi 

AlsCr 

AI3M0 

Fe2Mo 

AlaTa 

FerTaa 

WA1,2 

FeaW 


Table 2.7: Compositions of boundary layers between coating and substrate 










Chapter 3 


Experimental Procedure 


In this work the major experimental steps are ; 

1. The deposition process of 20B rod. 

2. Characterisation procedures of the deposited coating. 

a) Hardness testing on those coated substrates. 

b) Metallographic sample preparation. 

c) Light optical microscopy. 

d) Scanning electron microscopy. 

e) X-ray diffraction pattern identification. 

f) Electron probe microanalysis. 

3. Characterisation of 20B powder. 

Each of these experimental steps is now explained in details below. As in the previous 
section both the wire feed and the powder feed combustion flame spray processes have been 
discussed so there is no need of discussing it further. So we can now discuss about the design 
of experiment keeping a special eye on my own work. In between the discussion, my own 
experimental steps regarding the 20B rod deposition will automatically come up. 
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3.1 Design of Experiment 

Two response variables in the form of the hardness value of the coating and the volume 
fraction of the powder phase were taken. These two responses were chosen for some reason. 
Hardness represents the mechanical property of the coating while the porosity level of the 
coating is one physical property of the deposited coating. Three parameters were chosen and 
the effect of these parameters on the two responses were analysed using the Box-Behnken 
model. The three parameters chosen from the spraying process were feed rate of the 20B rod, 
jet air pressure, and stand-off distance. The gas ratio, for example, the oxygen/acetylene 
ratio cannot be varied in the experiment due to some back-firing problem. The other factors 
like substrate temperature, grit blasting conditions, preheating temperature of 20B rod were 
kept fixed as much as possible. I chosen a statistical design in which three parameters were 
varied at three different levels according to Box-Behnken model with single replicate. The 
Box-Behnken model is shown in Table 3.1 [17]. 

By -1, 1, 0 in Table 3.1 the three different levels of each parameter are indicated. In our 
case -1, 1, and 0 depict low, high, and intermediate levels respectively. The three variables, 
i.e, Xi, X2, and X3 indicate feed rate, stand-off distance, and jet air pressure respective- 
ly. The exact numerical values of different levels of each parameter are listed in table 3.2. 
Fixing the numerical values of each parameter at the planned levels and then following the 
Box-Behnken model fifteen steel samples were sprayed using 20B rod oxy-acetylene flame 
spraying technique. The 20B rod is composed of nickel, boron nitride, carbon, and copper 
at specific percentage mentioned in table 3.3. 20B rod is extruded from 20B powder using 
sodium silicate binder and baked at nearabout 80°C prior to be used in spraying. 

A designed experiment is a series of tests in which purposeful changes in the input 
variables of a process or system lead to the observation and identification of the reasons 
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for the changes in the output response. We can visualise the process as a combination of 
machines, methods, people, and other resources that transforms some input into an output 
that has one or more observable responses. The objectives of the experiment may include 
the following : 

I) Determining which variables are most influential on the response. 

II) Determining where to set the influential variables so that the response is almost always 
near the desired nominal value. 

III) Determining where to set the influential variables so that variability in the response is 
small. 

Box and Behnken (1960) have proposed some three level designs for fitting response 
surfaces. These designs are formed by combining 2^ factorials with incomplete block designs. 
The resulting designs are usually very efficient in terms of the number of required runs, and 
they are rotatable (or nearly rotatable). In this context it is worthwhile to mention that 
an experimental design is said to be rotatable if the variance of the predicted response at 
some point is a function of the distance of the point from the design centre only and is not 
a function of direction. A design with this property will leave the variance of the response 

unchanged when the design is rotated about the centre (0, 0, 0, ); hence given the name 

rotatable. The Box-Behnken design does not contain any points at the vertices of the cubic 
region created by the upper and lower limits of each variable. 

I have deposited the coating on the fifteen samples following the statistical model de- 
scribed above. The steel substrates were first cut to required size, i.e, (2 X 40 X 40)mm 
rectangular pieces using a sheer cutter and then cleaned thoroughly so that no dust, mois- 
ture, or grease get chance to stick to it. The substrates were then taken to the grit blasting 
unit for preparation of surfaces. The abrasive particles used is sand and of -120 mesh size. 
The grit blasting pressure used in the process is 4 kg/cm^. After the substrates were grit 
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strates were grit blasted these were taken to 200 rod fed oxy-acetylene flame spray unit for 
deposition purpose. The sample was manually held at the pre-deterinined stand-off distance 
using suitable device and the unit was switched on. The Flame was lit and the substrate 
was preheated to roundabout lOO^C. After this the rod was fed and at the same time the 
compressed air jet was supplied. Special care was taken to see that there is no burn-through 
in the specimen due to overheating. Thus, one after another fifteen samples were sprayed. 

3.2 The Characterisation Procedure of the Deposited 
Coating 

3.2.1 Hardness Testing 

After the deposition process is over the coatings were allowed to cool in air and then filed 
to 6mm thickness. Then the samples were taken to the hardness testing unit. The hardness 
of each sample was measured using a Brinell hardness testing machine. Indentation was 
taken on the samples using 250 kg load and 10mm dia steel ball for 60 seconds. The imprint 
dia were measured for each specimen and these were treated as the measures of the hardness 
values. 

3.2.2 Metallographic Sample Preparation 

In IIT the metallographic sample preparation procedure were started. The big cuts 
were given by carbide blade cutter and hacksaw while the fine cuts were given by diamond 
cutter. Extremely small pieces were cut and then mounted by cold setting compounds and 
cold setting liquids. The samples were then ground in low-vibratory belt grinder and then in 
emery grinding paper (0, 1, 2, 3, 4 respectively). After that the samples were fine polished 
using 0.1 micron size alumina powder. The samples were then etched using 1:1 mixture of 

I 

concentrated nitric acid and glacial acetic acid [18]. The samples were thus made ready for 
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optical and scanning electron microscopy. 

3.2.3 Light Optical Microscopy 

The prepared samples were seen under the Laborlux 12 ME microscope at different 
magnification, some photographs were taken at lOOX and 200X to reveal some important 
features. By point counting method volume fraction of porosity of different samples were 
measured under microscope. In this method, an eyepiece was chosen with graticules con- 
taining square grid. Among all the cross points twenty-five were selected. Twenty readings 
were taken for each sample and how many grid points out of those 25 points fall on the 
powder phase were counted. The standard deviation of those 20 readings was calculated and 
then the standard error of mean was also calculated. Then the confidence interval of the 
measured volume fraction at 95% confidence level was calculated using an easy formula[19]. 

3.2.4 Scanning Electron Microscopy 

The samples were then observed under JSM 840A scanning electron microscope (JEOL) 
to reveal distinct microstructural features of the coating. 

3.2.5 X-ray Diffraction Analysis 

X-ray diffraction analysis was carried out to the 20B rod specimen before being sprayed 
after preparing the sample properly. The coating was made to spall off the substrate and 
after proper preparation it was also analysed to identify if some other phases have formed 
in the coating or not. 

3.2.6 Electron Probe Microanalysis 

To understand the constituents of different features observed from the optical and SEM 
studies, EPMA was done on the coating. Four different features were identified and spot 



S.S Characterisation of SOB Powder 


32 


analysis was done on these features to get the compositions using the Electron Probe Mi- 
croanalizer (JXA-8600). X-ray mapping was also done using the same instrument to find 
out how the elements are distributed throughout the structure. 

3.3 Characterisation of 2 OB Powder 

The 20B powder is found to be non-flowable and hence it cannot be sprayed using the 
6P II hand held thermospray gun. Hence, detail characterisation was done on the powder to 
find out the possible reasons of its non-flowability. Firstly SEM photographs were taken to 
guess about the aspect ratio and the shape of the powder particles. Then by sieve analysis 
the powder was screened into mainly three different size fractions. 100, 200, and 240 BSS 
sized sieves were taken and the 20B powder was shaken for 40 minutes to get different size 
fractions. Then a flowability measurement was done on the different size fractions using an 
flowmeter (manufactured in Central Workshop, IIT Kanpur) with an orifice diameter of 2 
mm. At last, the compositions of the most flowable size fraction of the 20B powder and the 
reported bulk composition of the 20B powder were compared by the quantitative analysis 
using XRD technique [20] . 
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Table 3.] 

.: The Box-Behnken Model 

SL. No. 

Variable(Xi) 

Variable (Xa) 

Variable(X 3 ) 

Output (Y) 

1 

-1 

-1 

0 


2 

-1 

1 

0 


3 

-1 

0 


4 

1 

0 


5 


0 

-1 


6 

-1 

0 

1 


7 

1 

0 

-1 


8 

1 

0 

1 


9 

0 

-1 

-1 


10 

0 

-1 

1 


11 

0 

1 

-1 


12 

0 

1 

1 


13 

0 

0 

0 


14 

0 

0 

0 


15 

0 

0 

0 



Table 3.2: The numerical values of different parameters used in the experiment. 


Variable 

Parameter Name 

Low Level (- 1 ) 

Intermediate Level(O) 

High Level (+1) 

Xi 

feed rate 

0.33 cm/sec 

0.38 cm/sec 

0.45 cm/sec 

Xa 

atand-off distance 

70mm 

85mm 

100 mm 

X 3 

jet air pressure 

2.5 kg/cm^ 

3 kg/cm^ 

3. 5 kg/cm^ 


Table 3.3: Reported composition of the constituents of the 20B rod. 


name of the Constituent 

Weight Percent 

Copper 

(20-23) 

Boron Nitride 

(12-16) 

Carbon 

(7-10) 

Nickel 

Balance 





Chapter 4 


Results and Discussion 


As mentioned in the previous chapter, two sets of experiments were done using oxy- 
acetylene flame spraying technique. First, I will discuss the results of process optimisation 
when coating are deposited using the 20B rod. Then I will discuss the results when the 20B 
powder of the same mesh size as the 20B rod was characterised using different techniques. 

4.1 Experiments with 20B Rod 

The experiments are done following the Box-Behnken model as explained before and the 
results are given in Table 4.1 and Table 4.2. These two tables give the raw data obtained from 
the hardness testing and volume fraction determination of the coating under the microscope. 
Three middle or centre point replicates were taken in the model to estimate the true run-to- 
run variability inherent in the experiment. 

The goal of this experiment is to optimise the process conditions for the specification 
needed for these coatings. According to the specification at 4BRD Chakeri, Kanpur, the 
hardness of the coating should be in the range of (5-6.5) mm diameter of impression [22]. 
Therefore, we have done statistical analysis, as discussed in section 4.1.2, to estimate the 
primary and secondary effects of the experimental variables on the coatings. In order to get 
a better physical understanding of the process, I have characterised the 20B rod and coatings 




^.1 Experiments with 20B Rod 


35 


as discussed in next section. 

4.1.1 Characterisation of the Coating 

1. XRD Analysis on the Coating 

Figure 4.1 and Figure 4.2 are obtained from the XRD analysis of the 20B rod and the 
coating after the deposition. At number of 20-values, more than one possible elements or 
compounds are labelled. It is because the 2 9 - values of those elements or compounds are 
closely matching. A detail analysis was done on these XRD figures, the possible d-matches 
were found out and the possible elements or compounds are reported in Table 4.3(a) and 
4.3(b). Figure 4.1 shows that the 20B rod has Ni, Cu, C, and BN peaks along with peaks of 
Na-silicate which is used as a binder to produce 20B rod from the powder. It looks like that, 
Copper and Nickel remain in the deposited coating in the form of an intermetallic CuaNig. 
Presence of NiC is also observed in the XRD analysis of the 20B rod. Figure 4.2 shows almost 
all the features of the previous figure, except the addition of some copper oxide peaks and 
disappearance of the Na-silicate peaks. It seems that during the deposition process, some of 
the droplets are oxidised to some extent which is quite natural as the related temperature is 
quite high ( nearing 3000‘’C ). 

Comparing Figure 4.1 and Figure 4.2, the integrated intensities of the peaks of the 
20B rod and the coating are found to be quite different, this is expected since the peak 
intensity is a complex function of the volume fraction of various constituents of the sample. 
We already know from the qualitative analysis that 20B rod has Na-silicate and coating has 
Copper oxide as additional constituent. 

2. Optical Observations of the Coating Structure 

Prom the optical microscopy of the coating, different structural features are observed. 
Figure 4.3(a) and 4.3(b) show that the particles inside the coating obtained from the depo- 
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sition of 20B rod by flame spraying process, have undergone plastic deformation in molten 
or serni-molten state. Figure 4.3(c) clearly shows the interfacial region of the coating. It is 
observed that the droplets obtain a lenticular or splat like shape near the interface. Near the 
interface the droplets seem to have flown well and flattened. But, as the distance increases 
from the interface, the particle shape changes. It is also observed from the microstructures 
that the coating is porous in nature and the porosity is not evenly distributed throughout 
the structure. 

3. Studying the structure by SEM 

A detailed Scanning Electron Microscopy analysis has also been done to find out the 
structural features of the 20B rod coating in a better manner. In this context, it is worthwhile 
to mention that the roughness factor of the deposited coating is very high and hence it 
was very difficult to bring even a small portion of the coating into the focus at higher 
magnification in optical analysis. This problem was not there in SEM analysis as its depth 
of focus is very high. Figure 4.4(a) to 4.4(h) show SEM photographs of different samples 
revealing subtle features of the structure of the coating. Figure 4.4(a) and 4.4(b) show the 
interface of the coating. These two figures, taken at relatively lower magnification, also give a 
broader view of the coating structure. Figure 4.4(c) shows the droplet sizes of the coating are 
about 70 fim in one direction, which is in agreement with the particle size within the 20B rod 
different areas. Figure 4.4(d) and 4.4(e) show the internal structure of the samples showing 
the irregular shape of the particles. Figure 4.4(f) shows a near spherical droplet which is a 
rare feature in the micrographs of the coating, though it should be admitted that the actual 
shape of this droplet may not be spherical in 3-dimension. Figure 4.4(g) shows a distinct 
splat structure of a droplet attached to the substrate surface, while figure 4.4(h) reveals 
clearly the mechanical interlocking within the particles inside a coating. It is worthwhile to 
mention in this context, that mechanical interlocking seems to be the mechanism by which 
the particles are attaclied to each other and the coating gets it strength. 



^.1 Experiments with 20B Rod 


37 


4. Analysis of the coating by EPMA 

Electron probe microanalysis has been done on the coatings to find out the composition 
of different structural features inside the coating. The spot analysis results are reported 
in Table 4.4(a) and 4.4(b). The spot analysis was done on two samples deposited with 
diametrically opposite parameter combination. Analysis was done on specific microstructural 
features as shown in Figure 4.4(b). These microstructural features are shaded grain, large 
white region, dark region, and the small bright droplet. One sample was coated at low value 
of the feed rate and the S.O.D. keeping the C.A.P. at intermediate value while the other 
sample was coated at high values of the feed rate and the S.O.D. keeping the C.A.P. at 
intermediate level. After doing the spot analysis on different features of the coating, it is 
found that relatively dark areas of the microstructure are rich in carbon. The shaded gray 
grains are rich in nickel and copper and their ratio indicate that these may be present in 
the coating in the form of an intermetallic which also confirm the XRD results. Some small, 
bright droplets wei'e found in the structure and the EPMA analysis shows these features to 
be rich in nickel. Ni-mapping, Cu-mapping, and C-mapping were also done on one structure 
to understand how these elements and intermetallics are distributed in the structure. These 
element mapping and the corresponding structure are shown in Figure 4.5(a) to 4.5(d). 
Analysing the cu-map and the Ni-map, it is confirmed that they are present in intermetallic 
form in sonu; features as the dots on the map fall on almost the same spots. In addition 
to the concentrated areas of Ni and Cu they seem to be distributed throughout the sample 
indicating mechanical alloying during powder preparation. 

4.1.2 Statistical Analysis 

1. Process Characterisation 

First, I wanted to find out the effect of processing parameters, the feed rate, the stand- 
off distance(S.O.D.), and the compressed air pressure(C.A.P.) on hardness of the coating. 
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For this purpose, the data from Table 4.1 is analysed using screening model. Screening 
model tests the influence of independent variables and their combinations on the response 
variables. Table 4.5(a) to 4.5(c) give results of the screening fit using the hardness data as 
the response variable and feed rate, S.O.D., C.A.P., feed rate * S.O.D., S.O.D. * C.A.P., 
and C.A.P. feed rate as diflferent main and interaction effects. In Table 4.5(a) summary 
of fit results show the numeric summaries of the response for the multiple regression model. 
’Rsquare’ estimates the proportion of the variation in the response around the mean that can 
be attributed to the effect terms in the model. ’Rsquare Adj’ adjusts rsquare to make it more 
comparable over model with different numbers of parameters by using the degrees of freedom 
in its computation. ’Root Mean Square Error’ (RMS error) estimates the standard deviation 
of the random error. ’Mean of Response is the overall mean of the response variable. In this 
case, ’Rsquare’ value is 0.445 and the RMS error is 0.453 for the ’Mean of Response’ equal 
to 6.95 which shows the model to be a good fit and the RMS error is also tolerable. 

Tables 4.5(b) and Table 4.5(c) give the most important results of the analysis in terms of 
assessing the main effects and the interactions in between the parameters using the hardness 
values as the response. Table 4.5(b) describes the parameter estimates in the linear model 
and a t-test for the hypothesis that each parameter is zero. Term names the estimated pa- 
rameter. The first parameter is always the intercept. Estimate lists the parameter estimates 
for (>a(di term. I’hey are the coefficients of the linear model found by least squares. Std Error 
is an estimate of the standard deviation of the distribution of the parameter estimate. It is 
used to construct t tests and confidence intervals for the parameter. A test that whether the 
true parameter is zero or not is judged by the t-test. Analysing the results of Table 4.5(b) 
the size of effects are clearly understood. The S.O.D. and the feed rate seem to have large 
effect while C.A.P. on its own has little effect. Among the interaction terms C.A.P. * feed 
rate and S.O.D. * feed rate are also significant while C.A.P. * S.O.D. has small effect. 

Table 4,5(c) shows the effect test which is nothing but a joint test that all the parameters 
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for an intii vicinal effect are zero. Ordinarily Nparm (number of parameters) and DF (degree 
of freeciott!) tire the same. They are different if there are linear combinations found among 
the regicf’-'^o’ s such that an effect cannot be tested to its fullest extent. F ratio here is the 
F statistic for testing that the effect is zero. It is the ratio of the mean square for the effect 
divided by the mean square for error. It is observed that S.O.D. has largest effect followed 
by feed rate W'hile C.A.P. has little effect. Among the interaction effects, C.A.P. * feed rate 
has large tdfec't followed by moderate effect of feed rate * S.O.D.. The size of interaction 
ofS.O.P- * ^ ’■ A.P. is little compared to others. Thus, the results obtained from the effect 
test tabli' ( liihlo 4.5(c)) strengthen the observations of the parameter estimates table (Table 
4.5(b)). 

Table .Lfif n) to 4.6(c) represent the analysis of the effects and interactions of the pa- 
raintders with in the screening fit model in similar fashion as in tables of 4.5 but this time 
using tlie volin fraction data as the response variable. The tables represent the summary 
of fit, i)aniiut*l « t estimates, and effect test results respectively. Prom Table 4.6(b) and 4.6(c), 
it is observed t bat the effect of feed rate and C.A.P. on the porosity level of the coating is 
significant wtiil v the effect size of S.O.D. is small. Among the interaction effects, feed rate * 

5.0. P. is .si.uinf leant while the effect of C.A.P. * feed rate and S.O.D. * C.A.P. is little. 

Figtirc 4.6 ( a) and 4.6(b) show the interaction profiles for the two responses of the inves- 
tigation. i.t\ t he ^ hardness and the volume fraction of the coating. Interaction plots consider 
all the two wa>^ interactions that a system possesses. In an interaction plot, evidence of 
iiiKiracfioii shows as nonparallel lines. In figure 4.6(a) considering the hardness data as the 
respon.se variaUle all the two way interactions between the parameters are shown. It shows 

5.0. D, * C.A.P fias very little interaction within themselves, among the other interactions, 
feed rate " S.( > -D- is moderate while the size of effect for the interaction of C.A.P. * feed 
rate is tnasimu ni. This observation also supports the findings from the earlier parameter 
estimate and efrocl test tables. At higher values of the feed rate, the hardness of the coating 
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decreases with increasing C.A.P. while at the lower values of the feed rate the dependence 
reverses its nature. On the other hand, at higher values of the C.A.P. an increase in the 
feed rate decreases hardness of the coating at a brisk rate and with low value of the C.A.P. 
the rate at which the hardness value decreases with the feed rate decreases. The interaction 
of C.A.P. S.O.D. is little as it is evident from a set of parallel lines in the interaction 
plot. While analysing feed rate * S.O.D. interaction, it is observed that at all values of the 
S.O.D. , hardness value decreases with increasing feed rate but the rate of hardness decrement 
increases as we go to lower values of S.O.D.. 

In Figure 4.6(b) the volume fraction of the powder particles are taken as the response 
variable and then all the interactions between the parameters are shown by fitting the data 
into the screening fit model. The only noticeable interaction in this case is observed in case 
of feed rate * S.O.D.. The interaction of S.O.D. * C.A.P. is moderate but there is almost 
no interaction in case of C.A.P. * feed rate. At higher values of the feed rate the volume 
fraction of porosity remains almost the same with variation in the value of the S.O.D. while 
at lower values of the feed rate the porosity level increases with increasing the S.O.D.. On 
the other harui, an increase in the feed rate increases the porosity level of the coating at a 
lower value of the S.O.D.. However, the porosity level remains the same with variation in 
the feed rate at a higher S.O.D. value. If one sets the S.O.D. at a lower value then with an 
increasing C.A.P. value the porosity level of the coating falls down. 

Examining all the results obtained from the statistical analysis it seems that a low 
value of the feed rate, a low value of the S.O.D., and a high value of the C.A.P. give rise to a 
coating with low porosity level and desired hardness value. Satisfactory physical explanation 
can also be given in support of the above statement. A low value of the feed rate allows 
a lesser mass of the 20B rod to be exposed in the heat at a specific period of time. Thus 
the droplets get enough chance to acquire more temperature and in the process flow well to 
fill up the voids after hitting the substrate. Associated high value of the C.A.P. helps those 
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molten droplets to impact on the substrate with a much more momentum and in the process 
helps in the formation of a well-packed coating. This seems to be the reason why the size 
of interaction in between the feed rate and the C.A.P. is large when hardness is used as the 
response variable. It is also observed that at high value of the feed rate increased C.A.P. 
value is contributing to lower the hardness value which is not wanted. This may be due to 
the presence of a larger mass of 20B rod at small time interval which means that a lot of 
particles will remain unmolten and high C.A.P. will carry those particle to the substrate. In 
the process, the particles will be loosely held and the hardness value drops down drastically. 
When the volume fraction response is observed there also large level of porosity is found. 
A lower value of the S.O.D. probably controls the temperature and the momentum of the 
molten drojdets while these are on the way to impact on the substrate. Keeping a high value 
of the S.O.D. means that one is allowing the droplets to cool down and loose its momentum 
which will give rise to a porous coating with a low hardness value. 

2. Process Optimisation 

After the process chai'acterisation, in which the size of effect of each main factor as well 
as the int(.n-ad,ions between the parameters are measured for both the responses, I would 
like to optimise the process. I would like to get a hardness value of the coating equal to a 
minimum diameter of impression while the volume fraction of the powder phase to be the 
maximum value and the process was accordingly optimised using prediction profile within a 
screening lit criterion. 

Figure 4.7 shows the prediction profile from the screening fit model which displays 
prediction traces for each X variable using the hardness and the volume fraction both as the 
response variables. A prediction trace is the predicted response as one variable is changed 
while the others axe held constant at the current values. The vertical red line for each X 
variable shows its current value or current setting. If the X variable is discrete, the trace 
displays five predicted values. The horizontal green line shows the current predicted value of 
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each response variable for the current value of the X variables. The 95% confidence interval 
for the predicted values is shown by error bars above and below each marker. Prediction 
profiles are especially useful in multiple response models to help judge which factor values 
can optimise a complex set of criteria. Desirability function is chosen and added to the 
prediction piofile. It helps one to set the desired response values and then optimise the 
process according to the given responses with respect to its parameters. In this case, I 
have tried to achieve such parameter combination so that the hardness response is minimum 
while the volume fraction of the powder phase is the maximum. Accordingly the desirability 
settings are done and then the screening model is run. The vertical lines are altered in such 
a manner so tts the desirability traces at the bottom of the figure decrease everywhere except 
the current values of the effects. This indicates that any further adjustment could decrease 
the overall desirability. In this case, to achieve that criteria for the desirability traces, the 
physical values of the three parameters used in the experiments are calculated. These are 
reported in Table 4.7. 

I'Yom th<! prediction profile it can be said that feed rate of the 20B rod should be closely 
controlled as it seems to affect hardness of the coating largely. A careful control of C.A.P. is 
also needed while wide tolerance in S.O.D. is observed when hardness is used as the response 
variable. On the other hand, the porosity level of the coating seems to be almost equally 
affected by all the process parameters. Altogether, keeping all the interactions in between 
the parameters in mind, it can be said that a low value of the feed rate and a low value of 
the S.O.D. gives a coating with a low porosity level if the C.A.P. is maintained at a higher 
value. 

3. Hardness Versus Volume Fraction 

Not much literature exist about correlation of the hardness property with the microstruc- 
ture of the coating. In this study, we can correlate hardness with porosity for the coating 
made by oxy- acetylene flame spraying of the 20B rod as shown in Figure 4.8. In the fig- 
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shown how hardness is related to the volume fraction of the powder phase of the coating. 
It is observed that we can get a coating with hardness value equal to 6.5 min diameter of 
impression with a porosity level varying from (15-35)%. Thus it can be said that hardness 
of the coating is not only a function of porosity only but it is a function of the particle 
nature also. 1 he nature of the droplets, when they impact on the substrate, also determines 
the hardness of the coating, in a large way. Particle temperature and particle momentum 
seem to be the crucial factors that determine the hardness of the coating as the amount of 
plastic deformation of the particles depends on these two factors. However, in the process 
optimisation, I have shown that we can get a coating of only 20% porosity while limiting its 
hardness within 6.5 mm diameter of impression maintaining the process parameters at the 
values mentioned in Table 4.7. 

4.2 Characterisation of 20B powder 

Attempts were made to deposit 20B powder directly on to the steel substrate under 
specific parameter combinations. METCO 6P-II Hand Held Thermospray Gun was used to 
deposit the 2()B powder. However, the 20B powder could not be spraye d as the powder 
seemed to be not flowable at all. After several trials, the nozzle tip of the gun was blocked 
by the powder and then blasted. For these reasons, I did many experiments to find out the 
possible reasons of its non-flowability. 

'I'he 2()B powder was first screened using sieve shaker and then the flowability of each 
size fraction was measured. The results of the tests are reported in Table 4.8(a), 4.8(b), and 
4.9. Table 4.8(b) shows that a large percentag e of the powder is of -240 BSS while only a 
small percentage of it is -1-200 BSS size. Table 4.9 shows the measurement of the flowability 
of each size fraction of the powder. It is clear that the 20B powder of the size range in 
between -200 BSS and -1-240 BSS is by far the most flowable size fraction. It takes much 
lesser time to flow compared to the -1-200 BSS size fraction. 20B powder of the size range 
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(-200 to -1-240) BSS constitute 45% of the total weight and this fraction is relatively flowable. 
It is revealed from the SEM photograph of the 20B powder (Figure 4.9(a) and 4.9(b)) that 
the powder particles are irregular in shape and have high aspect ratio. In general, if the 
particle shape is inegular and the size is line then they are less flowable. In addition to that, 
presence of ultiafine pai tides alter the flow characteristics of an otherwise fiowa ble powder 
[21]. In our case, a large fraction of powder particles ( nearly 50% ) was -240 BSS with 
flowability nil and these along with the shape of the powder seem to make the 20B powder 
non- flowable. 

Hence, it seems that by changing the particle size distribution, it should be possible to 
deposit coatings by using 20B powder in the size range of (-200 to -1-240) BSS. However, 
it is necessary to make sure that overall powder composition does not change by selecting 
powder with specific mesh size. In other words, chemical composition is homogeneous with 
respect to the particle size. 

Quantitative analysis was done on the +240 BSS size fraction of the 20B powder using 
the XRD technique (procedure mentioned in chapter 3). XRD patterns for the 20B powder 
and its +240 BSS size fraction are shown in Figure 4.10 and 4.11. The analysis shows that 
the 20B powder is not chemically homogeneous with respect to the particle size. The Ni : 
Cu : C ratio in this size fraction is 41 : 18 ; 29 whidi is largely different than the reported 
composition of the 2()B powder. The result of the composition analysis is reported in Table 
4.10. 

The morphology, shape, and the size of the particles determine the flowability of a 
powder [23]. i have shown that flowability can be improved by changing the size distribution, 
but care shouki be taken to maintain the desired composition of the coating. Nevertheless, 
attempts will be made to deposit the 20B powder with a size range (-200 to +240) BSS. 
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Figure 4. 1 XRD pattern showing the peak positions and intensities obtained from the 
20B rod 
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Figure 4.2 XEID pattern showing the peak positions and intensities obtained from the 
coating deposited by 20B rod and oxy-acetylene flame spraying. 



(c) 


Figure 4.3 (a - c) optical micrographs of the 20 B rod coated samples showing the 
interface region and porosity distribution within the structure (each at lOOX). 
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Interface 



(a) 


Interface 



(b) 


Figure 4.4 (a - h) SEM photographs of different 20B rod coated samples showing 
many subtle features of the microstructure at different magnification. 




Continued 



Figure 4.5 I:PMA phetograplis showing (a) the microstructure of a 20B rod coated 
sample and (b - d) showing the Cu, Ni and C-map for the same microstructure at lOOX. 
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Figure 4.6. Interaction profiles between the parameters while (a) hardness (b) 

vrrUimc fraction arc used as the response variables. 
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Figure 4,7 
optimise a 
Fit Model. 


Prediction profile showing the current settings which 
desired set of response variables according to Screening 
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1 hirdncss versus volume fraction of the powder phase drawn after 
the data from Table 4. 1 and 4.2. 














SL. No. 

Feed Rate 

S.O.D. 

C.A.P. 

HARDNESS (impression dia in mm) 

1 

-1 

-1 

0 

6.55 

2 

-1 

1 

0 

6.51 

3 

1 

-1 

0 

7.68 

4 

1 

1 

0 

6.75 

5 

-1 

0 

-1 

6.82 

6 

-1 

0 

1 

6.70 

7 

1 

0 

-1 

6.21 

8 

1 

0 

1 

7.33 

9 

0 

-1 

-1 

7.32 

10 

0 

-1 

1 

7.07 

11 

0 

1 

-1 

6.78 

12 

0 

1 

1 

6.77 

13 

0 

0 

0 

7.72 

14 

0 

0 

0 

7.50 

15 

0 

0 

0 

6.56 


Table 4. 1 : Raw data for the hardness testing results following The Box-Behnken Model 


SL. No. 

Feed Rate 

S.O.D. 

C.A.P. 

Volume Fraction (in wt%) 

1 

-1 

-1 

0 

83.40 

2 

-1 

1 

0 

74.80 

3 

1 

-1 

0 

76.00 

4 

1 

1 

0 

74.00 

5 

-1 

0 

-1 

67.80 

6 

-1 

0 

1 

75.60 

7 

1 

0 

-1 

62.60 

8 

1 

0 

1 

73.20 

9 

0 

-1 

-1 

74.00 

10 

0 

-1 

1 

74.80 

11 

0 

1 

-1 

79.00 

12 

0 

1 

1 

75.20 

13 

0 

0 

0 

75.60 

14 

0 

0 

0 

82.80 

15 

0 

0 

0 

76.20 


Table 4.2: Raw data for the volume fraction analysis following The Box-Behnken Model 
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(a) 


unknown d-spacing 

Ni 

Cu 

BN 

c 

Na-Silicate 

Ni-()xide 

Cu-Oxide 

NiC 

CusNie 

3.336 

X 

X 

V 

X 

X 

X 

X 

X 

X 

2.083 

X 

V 

V 

X 

X 

X 

X 

X 

V 

2.065 

X 

X 

V 

V 

X 

X 

X 

X 

X 

2.034 

V 

X 

X 

X 

X 

X 

X 

V 

X 

1.807 

X 

X 

V 

V 

V 

X 

X 

V 

V 

1.766 

V 

X 

X 

X 

X 

X 

X 

V 

X 

1.247 

V 

X 

X 

V 

X 

X 

X 

V 

V 

1.086 

X 

V 

X 

V 

X 

X 

X 

X 

V 

1.063 

V 

X 

X 

X 

X 

X 

X 

X 

V 

1.018 

V 

V 

X 

V 

X 

X 

X 

V 

V 

0.807 

V 

V 

X 

V 

X 

X 

X 

V 

V 


(b) 


Unknown d-spacing 

Ni 

Cu 

BN 

c 

Na-Siiicate 

Ni-Oxide 

Cu-Oxide 



3.336 

X 

X 

V 

X 

X 

X 

X 

X 

X 

2.045 

V 

X 

X 

V 

X 

V 

V 

V 

V 

1.773 

V 

X 

X 

V 

X 

V 

X 

V 

X 

1.250 

V 

V 

X 

V 

X 

X 

V 

V 

X 

1.068 

V 

V 

; X 

V 

X 

X 

X 

X 

V 

1.023 

V 

X 

X 

X 

X 

X 

V 

X 

V 

0.885 

X 

X 

X 

V 

X 


V 

X 

X 

0.812 

V 

V 

X 

V 

X 

X 

X 

X 

V 


Table 4.3: XRD analysis results for (a) 20B rod and (b) 20B rod coated sample showing 
possible matches for d-spacing of different elements, compounds, and intermetallics. 


(a) 


SL. No. 

Feature in the Structure 

Ni 

Cu 

C 

BN 

1 

shaded grains 

65.44 

34.1 

0.45 

- 

2 

shaded grains 

76.85 

22.23 

0.912 


3 

dark regions 

42.92 

1.17 

54.75 

1.13 

4 

dark regions 

37.44 

10.77 

51.78 


5 

large white regions 

75.91 

24.08 


- 

6 

large white regions 

76.61 

18.49 

4.88 

- 

7 

small bright droplets 

81.68 

18.31 

- 

- 

8 

small bright droplets 

73.35 

26.64 

- 

- 
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(b) 


SL. No. 

Feature in the Structure 

Ni 

Cu 

C 

BN 

1 

shaded grains 

77.26 

19.95 

0.31 

2.46 

2 

shailed grains 

63.75 

lo.i8' 

35.07 

0.57 

0.6 

3 

dark regions 

11.46 

70.62 

7.71 

4 

dark regions 

2.54 

1.29 

96.16 

- 

5 

large white regions 

35.71 

13.83 

50.45 

- 

6 

large white regions 

70.86 

19.64 

8.12 

1.08 

7 

small bright droplets 

94.97 

3.91 

1.11 

- 

8 

small bright droplets 

80.54 

16.57 

1.34 

0.65 


Table 4.4: EFMA results for spot analysis of (a) sample 8 and (b) sample 10 showing the 
compositions of the 20B rod sprayed coating. Compositions are reported in weight percent. 
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Screening Fit 

hardness 

(a) 

Summary »f Fi» 


RSquare 
RSquare Adj 
Root Mean Square Error 
Mean of Response 
Observations (or Sum Wgts) 

(b) 


0.445001 

0.028751 

0.453 

6.951333 

15 


Parameter Estimatp^ 


Term 
Intercept 
FEED RATE 

5.0. D. 

C.A.P. 

FEED RAT*S.O.D. 

5.0. D.*C.A.P. 
C.A.P.*FEED RAT 


Estimate 

Std Error 

6.9513333 

0.116964 

0.17375 

0.16016 

-0.22625 

0.16016 

0.09250. 

0.16016 

-0.22250 

0.22650 

0.06 

0.2265 

0.31 

0.2265 


t Ratio Prob>|t| 
59.43 <.0001 
1.08 0.3096 
-1.41 0.1955 

0.58 0.5795 
-0.98 0.3547 
0.26 0.7978 

1.37 0.2083 


(c) 

Effect Test 


Source Nparm 

FEED RATE 1 

5.0. D. 1 

C.A.P. I 

FEED RATE*S.O.D. ] 

5.0. D.*C.A.P. 1 

C.A.P*FEEDRATE 1 


DF 

1 

1 

I 

1 

1 

1 


Sum of Squares 
0.24151250 
0.40951250 
0.06845000 
0.19802500 
0.01440000 
0.38440000 


F Ratio 

Prob>F 

1.1769 

0.3096 

1.9956 

0.1955 

0.3336 

0.5795 

0.9650 

0.3547 

0.0702 

0.7978 

1.8732 

0.2083 


Table 4.5: (a) Summary of fit (b) Parameter estimates (c) Effect test results using the 
hardness data as the response variable. 
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VOL.FRAC. 

(a) 


Summary of Fit 


RSquare 0.227844 

RSquareAdj -0.35127 

Root Mean Square Error 5.907093 

Mean of Response 7 5 

Observations (or Sum Wgts) 15 


(b) 

Parameter Estimates 


Term 

Estimate 

Std Error 

t Ratio 

A 

1 

Intercept 

75 

1.525205 

49.17 

<0001 

FEED RATE 

-1.975 

2.088473 

-0.95 

0.3720 

S.O.D. 

-0.65 

2.088473 

-0.31 

0.7636 

C.A.P, 

1.925 

2.088473 

0.92 

0.3836 

FEED RAT*S.O.D. 

1.65 

2.953547 

0.56 

0.5917 

S.O.D.*C.A.P. 

-1.15 

2.953547 

-0.39 

0.7072 

C. A.P.*FEED RAT 

0.7 

2.953547 

0.24 

0.8186 


(C) 

Effect Test 


Source 

Nparm 

df 

Sum of Squares 

F Ratio 

Prob>F 

feed RATE 

1 

1 

31.205000 

0.8943 

0.3720 

S.O.D. 

1 

1 

3.380000 

0.0969 

0.7636 

CA.P. 

I 

1 

29.645000 

0.8496 

0.3836 

feedrate*s.o.d. 

1 

1 

10.890000 

0.3121 

0.5917 

S.o.D.*C.A.P. 

1 

1 

5.290000 

0.1516 

0.7072 

c.a.R*feedrate 

1 

1 

1.960000 

0.0562 

0.8186 


Table 4.6: (a) Summary of fit (b) Parameter estimates (c) Effect test results using the volume 
fraction data as the response variable. 



^.2 Characterisation of 20B powder 


64 


SL. No. 

The Name of the Parameter 

The Current Setting 

The Physical Value 

1 

Feed Rate 

-1.29 

0.26 cm/sec 

2 

___ 

-1.32 

53.0 mm 

3 


1.35 

4.73 kg/cm^ 


Table 4.7; The paianieter settings found from statistical analysis of the results that optimises 
the responses. 


Size(in BSS) 

Equivalent Mesh Opening Size (in //m) 

100 

152 

200 

76 

240 

66 


Size (in BSS) 

Weight (in g) 

Weight Fraction 

+100 

- 

- 

-100 to +200 

24.5 

8.2 

-200 to +240 

135 

45 

-240 

140 

46.67 


Table 4.8: (a) 'Fhe n'lalioiiship between the British Standard Sieve number and the equiva- 
lent mesh oixming size (b) the weight fractions obtained after sieve analysis of 20B powder. 


Size (in BSS) 

Flow Rate (s/ 50g) 

+200 

42.9 

+240 

29.75 

-240 

- 


Table 4.9; Flowability measurement data for different size fractions of 20B powder 
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Name of the Material 

Cu 

BN 

C 

Ni 

Reported 20B Powder 

(20-23) 

(12-16) 

(7-10) 

Balance 

As Measured 20B powder 

18.2 

14 

20.4 

Balance 

+240 BSS Size Fraction 

17.6 

14 

28.9 ^ 

40.6 


Table 4.10: Comparison between the reported composition (in wt%) of the 20B powder and 
the measured composition of bulk 20B powder and the +240 BSS size fraction. 




Chapter 5 


Conclusions 


The main conclusions that can be drawn regarding the oxy-acetylene flame sprayed 
coating using the 20B rod are given below : 


5.1 Experiments with 20B Rod 

5.1.1 Characterisation of the Coating 

• The coatings produced by the 20B rod flame spraying on steel substrates are porous 
in nature and the porosity range is about (15-35)%. 


• Near the interface the droplets have obtained the splat-like structure but as the dis- 
tance from the interface increases the droplets do not flatten to that extent. 


• There is little degree of oxidation of the molten droplets during the deposition process. 
The associated high degree of temperature seems to be the cause of oxidation. 
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• In the coating, presence of an intermetalHc of nickel and copper is observed. XRD 
analysis shows that along with pure nickel and copper the intermetallic of these two 
elements is also present. 


• The coating is not chemically homogeneous in terms of its constituents. EPMA analy- 
sis confirms this point by indicating different chemical composition at different features 
of the coating. 


5.1.2 Process Characterisation 

• After statistical studies of the obtained results according to Box-Behnke n model it 
is found that S.O.D. and feed rate have large effect on hardness value of the coating 
while C.A.P. has nominal effect. Among the interaction effects, C.A.P. * feed rate and 
feed rate * S.O.D. have large effect while S.O.D. * C.A.P. has nominal effect size. 


• When volume fraction of the powder phase of the coating is used as the response 
variable, feed rate and C.A.P. have large effect while the effect of S.O.D. seems to be 
nominal. Among the interaction effects, feed rate * S.O.D. has large effect while C.A.P. 
* feed rate and S.O.D. * C.A.P. have nominal effects. 


• The hardness is an important mechanical property for the abradable coatings and it 
should be controlled within specific values to meet the desired service criteria. There- 
fore, it is important to know the process parameters that should be controlled carefully 
to provide coatings with specific hardness. Based on the screening fit model, feed rate 
and C.A.P. should be carefully controlled to get a specific hardness for the coating 
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while S.O.D. can have wider range of values (Figure 4.7). 


5.1.3 Process Optimisation 

• The process is optimised in terms of the desired hardness and porosity level. In this 
case, hardness is maximised and porosity is minimised (volume fraction of powder 
phase is maximised). The prediction profile shows that the coating will be optimised 
in terms of its desired responses, if the feed rate and the S.O.D. are kept at low level 
and the associated C.A.P. is kept at high level of the parameter space considered. 


5.2 Characterisation of the 2 OB Powder 

• The 20B powder, as-purchased, could not be spray deposited as it was not flowable. 


• After screening the powder, the flowability was improved by narrowing the size range. 


• The (-200 to 4-240) BSS size fraction of the 20B powder did not have the same chemical 
composition as the as-purchased 20B powder. 



Chapter 6 


Suggestions for Future Work 


The following things can be done to carry this work further : 


• Arrangements can be made to use the oxygen/ acetylene ratio as a parameter of the 
process and try to analyse its significance on the responses. In this study I could not 
try this due to the limitation of the experimental set-up at 4BRD, Chakeri. 


• One can try to measure other mechanical and physical properties of the coating that 
are of significance and try to use those as the response variable. Many important me- 
chanical properties like the wear resistance and the bond strength of the coatings can 
be tested and the effect of the processing parameters on those properties can be studied. 

• One can try to characterise and optimise the process in a wider process window. 

• Efforts can be made to process the 20B powder in such a manner so that a narrow 
size range of the particles is maintained to improve flowability. After making the 20B 
powder free-flowing, one can try to deposit a coating by the powder directly using 
planned parameter combinations and then compare the coating properties with the 
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20B rod coating. Thus a comparative study between the two processes can be made. 

• Although the powder processed after screening is of different chemical composition, 
still one can verify the feasibility of depositing coatings using it. 

• With the help of the data collected in this study, one can build better process models 
theoritically. Unlike other fields of engineering, sophisticated models are yet to be 
developed for combustion flame spraying process. 
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